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: The nutritional versatility Of dinofiagellates iS a
icomplicating factot in idenﬁ?ing potential links be-
tween nutrient enrichment and the proliferation of
harmful algal blooms, FOr example, although dino-
flageilates associated withharmfut algal blooms(e.g.
ked tides) are generally considered to be photo.
krophic and we inorganic putrients such as nitrate

i USDA Forest Sarvice, Southen Research'Station, Charleston, South Carolina 29414

gal bloom; kleptoplastidy; nutrient |0ading; Pfesteria
piscicida; primulin; starcﬁ toxic dinoflagellates

Pfiesteria piscicida Steidinger et Burkhotder (Di-
nophyceae) is one of severd myzocytotically feeding
“heterotrophic” dinoflagellates with areported ca-

or phosphate, many of these si)_egies also have pro- ility for kleptoplastidy, the process by which
nounced heterotrophic capabilitieseither asosmo- unctiond chloroplasts are retained from algal prey
trophs O phagotrophs, Recently, the widepread o¢-  (Larsen 1992, Laval-Peuto 1992, Schnepf and El-

turrence Of the heterotrophic tOXic din llate,
_ ia piscicida Stei et Burkholder, has
been documented in turbid estuarine Waters. Pfies-
teria prscicida has a relatively proficient grazing abil-
ity, DUt also has an ability 10 function as a photo-

brachter 1992, Lewitus et al. 1999). Although this
form of mixotrophy has been acknowledged'in di-
noflagellates for a number of years, studies exam-
ining the role and regulaion of phototrophic and

phagotrophic nutrition in klel[gOflaStidic Species are

woph by acquiring chloroplasts from algal prey, a rue (eg. Fields and Rhodes 1991, Skovgaard 1998),
process termed kleptoplastidy. Wetested the ability  at least paar‘zllg a consequence of the difficulty in rec-
of Kleptoplastidic P, piscicida 10 take up *N-abeled  ognizing

NH;, NOy,' wea, v rlutamate. Thanhatasphetic
ity of these cultures was verified, in part, by use
of the fiuorochrome, primulin, Which indicated a
positive I elationship between photosynthetic starch
production and growth irradiance. 4ll four N sub-
strates were taken up by P, piscicida, and the highest
uptake rateswer ein'the range cited for phytoplank-
ton and wer e similar to N uptake estimates for pha-
gotrophic P, piscicida. The demonstration of direct
nutrient acquisition by kleptoplastidic P. piscicida
suggests that the refonse of t%edino ellate tO
nutrient enrichment is complex, and that thespeei-
i¢ pathway of nutrient stimulation(e.g. indir ectstim-
ulation thr ough enhancement of plytoplauikton prey
ahundance s, dir ect stimulation by saprotrophic ny-
P, pusceida’s nutr-

trient Uptake) may depend on
tional state (phagotrophy vs. phototrophy).
Key index words: cryptophytes; fish kills; harmful al-
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culturing klgloplasﬁdic dinoflagel-
lates (Schnepf et al, 1989, Schnepf and Elbrichter
1992, Lewitus €& a. 1999). Schnepf and Elbrachter
§1992 and Skovgaard (1998) suggested that dino-
lagellates with an inconsistent chloroplast nuMber
Per cell may be Kleptoplastidic, and further specu-
ated that the ability is more common in dinofla
ellates than previoudy considered. It is aso poss-
le that problems associated with maintaining seem-
ingly “phototrophic” dinoflagellates in alaboratory
cubture may be related, in some cases, to the unrec-
ognized need to replenish prey supply. Awareness
of tbe prevalence of these and other mixotrophic
rotists has grown dramaticaly in recent years
Stoecker 1998), stressing the néed to understand
ther physiological ecology and role in microbid
food web funcdon.

Stoecker's (1998) classification Scheme for mixo-
trophic protists presented a conceptual mode! for
kleptoplasddic “protozod’ (e.g. some ciliates, sar-
codines, and dinoflagellates) baSed on ther relative
dependency on photouog)hic vs. phagotrophic nu-
trition, and the response of these processes 10 1 ght,
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dissolved inorganic (nutrients, and particulate food
availability. In this model: (8) carbon, nitrogen, and
phosphorus  are acquired primarily through phago-
trophy; (b) growth dow or ceasesin the pro-
longed absence osfegxrey; and (c) photosynthesis is
thought t0 be used to supplement carbon nutrition
by covering respiratory demands during periods
when prey arc scarce. The data to support the mod-
d ae d primarily on information from studies
with sarcodines or cifiates. Recently, however, Skov-
gaard (1998) suggested that photosynthesis in klep-
toplastidic Gymnodinium gracilentum’ iy Used primar-
ily to enhanice survival Under food limitation, based
on the short (-2 day) turnover time of keptochlo-
oplasts.

! Kleptoplastidy aldo has been demongtrated in
Pfiesteria_piscicida (Lewitus € al. 1999), an ichthy-
otoxic dinoflagellate that, over the last decade, has
been mphcatg as a causative factor of fish kills in
North Carolina estuaries and the Chesapeake Bay
{Burkholder et al. 1992, 1995, Burkholder and Glas-
gow 1997, Maryland Department of Natural Re-
sources 1997, University of Maryland Center for En-
vironmental Science 1997). Unlike G. gracilentum, a
longer Kleptochloroplast retention time (at least 9
days) was observed in P. piscicida, but Lewitus et al.
(1999) considered ;is and the low photosynthetic
rates (0.54 pg C-cell"-h~!) underestimates of pho-
tosynthetic capacity because of the limiting growth
irradiance used in ;’heir experiment. Even at that
low irradiance, however, a population doubling was
ineasured, suggesting that phagotrophy was not es-
sential for cell division. The growth, or even maio-
tenance, of photosynthetically active P. pisdcida pop-
ulations implies that nutrients were taken up sap-
rotrophically in support of photoautotrophy. The
potential ability of F. piscicida to acquire nutrients
directly has implicalions toward the hypothesized
tole of nuwrient loading in promoting the dinofla-
gellate’s growth and toxic activity (Burkholder et al.
1995, 1997, 1998, Burkholder and Glasgow 1997,
Lewitus et al. 1999). That is, recognition that P. pis-
ficida can function as a phytoplankeer, and not just
a5 a heterotrophic protist, stresses consideration of
nutrient stimulatory mechanisms analogous to those
that affect phytoplankton. In this study, we tested
the hypothesis that kleptoplastidic P. piscicida can
fake up N nutrients directly.

MATERIALS AND METHODS

! The Pesteria piscicida isolate was obtained from the Neuse River
éstuacy, North Carolina, ?d its identity was confirmed by thecal
plate confidyration (Steidinger et al. 1996), using scanning elec-
& 0N mieroscopy (Glasgow} Jr., unpubl). The nontoxic zo0spores
wsed in this experiment were derived from toxic zoospore cul-
tures maintained in fish ariumns. Before beginnin? the exper
iment, toxic zoogpores were transferred to media (£/2-enrichcd
filiered seawater; Guillard 1975 but without Si) containing Rho-
domonas sg. Karsten COMP737 (Cryprophyceae), an $um diam-
dter Cryptophyte previously shown to be a preferred prey species
and source of kleptochloroplasts for P. piscicida (Glasgow €t al.
1998, Lewitus et . 1999) , Thii culture Was maintained at 23° C

i

15 ppt, and a lightdark eyele Of 12:12 h (80 pE.m~%571), and
!nspectbgﬁ microscopically several times a day for p. pisdcida feed-
in avior.

gAfter 3 davs Of maintenance, P, pisaada was obsarved o shift
from a lag phase, When grazing was NOt apparent. tO an active
feeding pliase when the majority of the (Fopulanon was observed
to rapidhy ingest cryptophytes (referred €0 as a “swarming re-
sponse Or “‘feeding event; Glasgow et d. 1998, Lewitus et d.
1999). This feeding event was followed by a reduction in grazing
activity, decreased crvptophyte abundance, and incressed P pis-
dirida’ abundance. Five hours after the feeding event, ahquotsagz?)
wl) from this culture were gently wransferred to 18 135-ml flasks.
Six of these were sampled immediately (designated “initiel” trea-
ment), and 12 were placed id the dark. After being kept for 13
hin the dark, the 12 flasks were incubated at a relatively low
irradiance (70 wE-m~25-) for 3 b, after which six flask, were
sampled (designated “low light” treatment). and the remaining
Sr placed under a relatively high irradiance (360 pE.m-%¢) and
sampléd "3 h later (designated “high light" treatment). The "prin-
ciple of this experimental design was to allow comparison of
starch content and N upteke in: (a) “initid” J? piseicida popula-
tions (containing recently ingested chloroplasts); (b) “low light”
populations (kleptoplastidic cultures incubated for a short Time
under a relatively low itradiance); and {c) “high light” popula-
tions (klengrlmidic cultures examined after a shift-up in growth
ircadiance). These threg populations were considered 10 be' kle
toplastidic based on microscopic incspections indicating that graz-
ing ON cryptophytes did not occur aﬁcrt e inital feeding event,
and cxamination of DAPIswined samples indicating that plastid-
containing  #. piscteida did pot contain cryptophyte nuclet (Lewi-
g et al. 1999),

The above cultures were sampled for P. pisdicida and Rhodomon-
as Cell counw, particulate nitrogen, dissolved nutrients (NOg.
NO,;. dissohed free amino acids (DFAA), urea and NH:), uptake
of #¥N-labeled NHZ, NOj, urea. or_elutamate, and dinoflagellate
and eryprophyie cell, chloroplast, and starch areas. Gell counts
were measured on acid-Lugol'sfixed samples, using a Nageotte
Bright Line hemacytometer (depth 0.3 mm). For particulate ni-
trogen, water was filtered onto precombusted wﬁmm GF/C
filters, frozen, and later measured using a Control Equipment
CHN analyzer (Parsons et al. 1984?. Disso ved nutrients were mea-
surcd in the filtrate from sterile 0.45-um polycarbonatc mem-
brane filters. NOy and NOj concentrations were determined ol
orimetrically using a Technicon autoanalyzer, apd Urea Was mea-
sured Dy the urease method (Parsons et al, 1984). NH: concen.
tration was determined by the phenol/hypochlorite technique
(Solarzano 1969). and DFAA determined bv reverse-phase high-
performance liquid chromatography (Lindroth and Mopper
1979). Nutrient Uptake rates were determined using N tracer
techniques, following Glibert and Capone (1993). Labeled sub-
strates were added & an initid concentration of 2 pg & N L+,
and samples were incubated for 30 min. Isotopic andyses were
conducted using a Finnigan MAT 251 mass spectrometer, COU-
pled with a Europa ANCA sample inlet system.

Cell morphologjcal parameters were determined wsing_image
analysis (Optronics image analysis System with Flashpoint soft-
vare) on 4',6-diamidino-2phenylindole (DAPI)- Or primulin-
stained samples. Sampl eawere fixed with0.5% NiSO, (Siesacki
et al, 1987) and then 2% hexamethylenetetramine-buffered form-
aldehyde (Throndsen 1978. Stoecker et d. 10R9). incubated with
a fluorochrome (DAPI OF primulin). filtered, and the filters rap-
idly frozen on a liquid nitrogencooled Steel Mock (Lewitus €t d.
1999). The DAPI-staining method followed Porter and Feig
(1980) and was wsed to Oetermine the percentage, of plastid-con-
taining zoospores that also contained ingested cryptophyte nucle
(stained by DAPI). As mentioned. DAPI fluorescence indicative
of the presence Of ¢ryntophyte nuclei inside zodsppres was not
observed, and therefore these data are not presented. The pri-
mulin method followed Caren (198%). Like DAPL, primulin has
an excitation maximum in the ultraviolet, but, whereas DAP]
stains DNA, primulih rescts with plasmalemima, thecal plates, and
sarch (Sterling 1964. Revilla € d. 1986, Klut € d. 1989). We
used primulin fluorescence to estimate the starch area within
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Fic. 1. The mean and dandard deviation of Pfiestaria piscicida
vhite) or  Rkodemoenas . (black) abundance in the initial, low
the, or highlight cultures.

High Light

Mfreeliving cryptophzte chloroplasts and zoospore Kleptochlorg-
jplasts. Starch” s a photesynthetic product of cryptophytes that is
iproduced within the periplastidal space (Santore1985), anda
iprevious Siudy demonsttated the accumulation of swarch within 2.
| piscicida Keptochloroplasts (Lewitus et al, 1999).
i In another experiment, we tested the relationship between the
;primulin-fluorescent area within Cry as sp. HP9001 (Cryp-
itophyceae) cdls and the cellufar nonstructurd” carbolydrate in
ibatch cultures grown at three irradiances (211, 104, or 8
iuE-m-%s~1) and sampled from exponentid growth phase Sam-
les were harvested ﬁy centrifugation, resuspended in a phos-
phate buffer, pH 6.8 (Lewits and” Caron 1990), and cell material
lextracted by cell disruption, using a Biosgnqcs Products Mini-
iBeadbeaterg™ (two runs on “Homogenize' setting using
10,0-mm Olameter zirconia/silica beads). After centsifugation (mi-
crocentrifuge, 16000 X g, the supernatant and Pellet were an-
alyzed for fotal nonstruetural carbohydrates, using 30% perchlor-

i 16, 2. Epifluorescence micrograph of Pr'unulin-stainqd Pfies+
iria pisccda g00spare excited by ultraviolet light, showing the
ikleptochloroplast inside an epithecal vacuole (left). The pig-
imented aea Of the klegtochloroplast is reddish orange (phyco-
Ecrm'lrin autofluorescende), and the primulin Stain SOWS up as
iyellowigh white fluorescence surrounding the pigmented area.
i{(scde bar, 4 pm).
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Fic. 3. The mean and standard deviation of (A) aea per cll
or (B) % total cell area Of Pfiesteria piscicida primulin fuorescence,
Ffesteria piscicida pigment fluorescence, or Rhodemonas SP. pri-
rulin fluorescence of low light (white) or high light (black) eul-
tures.

it acid extraction and a colorimetric based on the phenol-
sulfuric acid reaction (Burke et a. 1992). Absorbance was con-
verted to concentration in milligram glucose equivaents Per
milliliter using a standard curve (r = 0.9932).

A ttest (significance level Of 0.05) was used in all comparisons
of means refecred to below.

RESULTS

Mean P, piscidda population abundance in “ini-
tial” cultures (those samialed 5 h after the feeding
event) was nearly 100-fold greater than that of Rho-
domonas (Fig. 1). Cryptophyte abundance did not
change significantly during the experiment. remain-
ing below 200 cell-mL-}. Cultures incubated under
“low” or “high” light contained ca. 40% lower zoo-
spore abundances than initial cultures, but cell
numbers did not vary with light trestment.

Primulin-stained samples were analyzed for three
variables (Figs. 2, 3): (1) “Pfiesteria primulin,” the
area within the plastid-containing zo0sporc vacuole
characterized by tgrimulin fluorescence (yellow to
white area of epithcca in Fig. 2), (2) *‘Pfiesterig pig-
ment,” the area within the plastid-containing zoo-
igore vacuole characterized™ by “pigment (phycoery-

rin) autofluorescence (reddish orange area in Fig.
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i

i Fi. 4. Therelationship between the primulin fluorescence
area per cell and nonstructural carbohydrate content per cell in
CGryptomonas sp. HPO0O1 cultures. After total nonstructural car-
bohydrate extraction, carbohydrate concentrations were mea-
stred* In ‘both the dissolved (Supernatant) and particulate (pellet)
fiactions, The carbohydrate content is F]Iotted, based striedy on
the particulate extract (A) or based on the sum of particulate and

dissolved extracts (B).

\
9), and 53) *“ Rhodomonas primulin,” the areawithin
the free-living cryptdphyte chloroplast characterized
by primulin fluorestence (not included in Fig, 2).
In comparing light treatments, the *‘Pfesteria pri-
thulin” area per zopspore Was nearly 50% greater
in high-h cght then in low-light cultures, while the
amount & " Pfiesteria pigment’ or *“Rhodomonas pri-
grnulin" area did not vary with treatment (Fig. 3A).
he treatment effect ON Pfiesteria primulin fluores-
cence and not Rhodomonas primulin fluorescence is
evidence that the positive relationship between
rowth irradiance and primulin-reactive materia
?prewmably starch) is not a function of prey inges-
tion. Although the primulin fluorescent area per
Zoospore was significantly greater in cultures grown
at high ligh, the relative proportion of this areato
total cell area did not_vary sSgnificantly with growth
itradiance (Fig. 3B), The average area of.héc[; - and
lbw-li%ht cells was 54 and 47 pm?, respectively (data
ot shown). The relatively greater absolute, but not
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proportional,  Pfiesteria primulin - areaper cdl in high
vs. low light cultures Suggests that the increase in
cell size was related to an increase in primulin-stained
cell materiad. Our assumption that this materia was
starch is supported by the strong correlation between

rimulin fluorescence area and nondructura  car-

hydratc content in cells of the cryptophyte, g)lr-

tomonas s&. (Pig. 4). The correlation coeffici
between the primulin-stained area per cdl and the
carbohydrate content was 0.92 or 0.87 when carbo-
hydrates were measured in the pelleted or total
extract, respectively.

Particulate nitrogen decreased after incubation at
low or high light by an amount 564% or 55%, re-
spectively; Fig. 5A) that corresponded roughly to the

ecrease”’In zoospore Ccell abundance (61% or 59%,
respectively; Fig. 1). The dissolved nitrogen pool. was
predominantly composed of NO; throughout the
experiment (Fig. 5B), but the mean ratio of NH;,
urea, and DFAA to NO; concentration incressed
over time by 41%, 164%, and 62%, respectively, at
low light, and 40%, 183%, and 90%, respectively, at
high light. These patterns suggest the net biologica
remova of NOj and regeneration of NHj, urea,
and DFAAs over the course of the experiment.

Uptake of al four '“N-abeled substrates was de-
tected (Table 1). Not surprisingly, given the rela-
tively high NO; concentrations in the dissolved N
f)ool. NO; was taker upat the greatest rate, fol-
owed by glutamate, NH? and urea. Cdlsgrown &
high light took up NHgZ or urea a sgnificantly great-
er rates than low-light-grown cells, but NO; or glu-
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TaBLE L
i or uptake normalized to the ccll abundance of Pfiesterin piscicida.

BN uptake rates (mean £ standard deviaton) of cultures grown ot fow or high irradiance. expressed as absolute label uptake

-

Absotute uptake rate (g 3t N/ 1710 b4

Uptake per Pfiesteria piscicida cell (fmole X cell™! h™')

Treannent NO; NH: Urea Glutamate NO7 NH; Cres Gluanute
{Low light 2902 013%003 00020 *00009 100*037 20=70 $4*10 o16%001 6529
‘ High light 153+04 013 2004 0.0079 £ 00029 093 = 040 120 = 0 123 054 %021 72%38

' tamate uptake did not increase with growth irradi-
| ance. Because these Were mixed cultures (P. piscicida
i and Rhodomonas), it is impossble to determine &b
! solute uptake rates in ether group. However, given
i the relatively low abundance of “eryptophytes (Ca. 1%
i of zoospore abundance), the contribution of Rhe-
i domonas t0 overal uptake rates was likely to be very

iminor. In fact, gpplying Stolte and” Riegman's
{ -(1996) maximum NO; or NH; uptake rate per cel

isurface area of 8.5 X 10" umol-um-%h!, estimates
i of Rhodomonas population (mean area = 45 pm?)

juptake were gg:prom mately 0.7 ng a N L-*-h-%, or
i roughly 0.02% ta 004 (for NO;) or 0.5% (for
'NH7) of the measured absolute uptake rates (Table
i 1). Eveniin the case of urea, where relatively low
juptake rates were measured, theoretical estimates of
| Rhodomonas population uptake (usng a maximum
Juptake rate of § fmol N-cell-*-h-1; Syrett et d. 1986,
tPrice and Harrison 1988) only accounted for 28%
ior 8% of low or high light eslimates, respectively.
iTherefore, the measured N uptake rates can be ag-
icounted Tor predominantly by P. piscicida uptake.

DISCUSSION

i In Stoecker's (1998) review of mixotrophic models,
ikleptoplastidic protists were considered to acquire mue
itrients  predominantly  through phagotrpphlc means,
and photosynthesis Was thought to e important as a
isurvival mechanism for maintaining respiratory re-
lquirements during prey limitation.” An inference of
this modd is tha photosyntheticdly driven cell
growth (and therefore associated saprotrophic nu-
trient uptake) is dow relative to thal supported by
phagotrophy. The potentia contribution of photo-
gsyntﬁesis to P. pisaicida’s gromth was not addressed
in this study, and remains to bc determined as a
icritical test of the model. However, the present find-
iings suggest that saprotropiic uptake can play an
limportant rolein P, pi aa&s nutrition. The results
not onty establish that the dimoflagellate Can acquire
N-nutrients directly when kleptoplastidic, but, “based
on the following arguments, suggest that nutrient
uptake rates were comparable to those estimated for
phytoplankton, and rivaled N uptake through pha-
gotrophy In P. piscicida. _

. When normalized per cell (based on the entire P.
piscicida population; i.e. with and without ingested
plastids present), uptake rates of NO;, NH;, and
glutamate (Table) were within the range of those
reported for phytoplankton (Syrett et d. 1986, Antia
et al. 1991, Lomas and Clibcrt 1999A). Hypotheti-
i

cally, direct nutrient uptake may have been predom-
inated by, or even confined to, Keptoplastidic P. pis-
cicida. Lewitus €t al, (1999) presented evidence for
greater survival of Kleptoplastidic cells over apoplas-
tidic cdls in photosyntheticaly active P. piscicida cul-
tures. The speculation that afraction Of the dinofla-
gellate population was responsible for the bulk of
nutrient uptake would suggest that cellular uptake
Latescan be potentialy higher than those reported
ere.

Based on previous experiments on P. piscicida
razing properties (Glasgow et a. 1998, unpubl.
ata), comparisons can be made between potential

nutrient acouistion via phagotrophy and klepto-
plastidy. Ingestion rates by P. piscicide zoospores on
g?ptomonas Sp. LpP757, a qygtophyte resembling

odomonas (I;ré lsize and morp olo%y, averaged 1.5
cryptoph S per zoospore over al6-h
prgr}l)af L)Jns‘i:ng tbizggstim efor‘i)relgr;&stalyon of crypto-
phytes, assuming thet all of the prey contents were
Ingested per encounter (afase assumption, given
the myzocytotic mode of feeding), and using an es-
timate of cryptophyte N content of 1 pmol-cell~!
(Lewitus and’ygar'on 1990), an N uptake rate can be
estimated a 54 fmol N per P. pisacida zoospore per
hour. Based on a population densty eguivelent ' to
those measured in this study, é)hagotro;')\lhic N up
take would be approximately 0.8 pg at N L-:h-1,
Though rough, this estimete suggests that rates of
N acquisition by kleptoplastidic P. piscicida (Table
1) may approach or even exceed that obtained
through grazing.

The disproportiona distribution of ambient nu-
trients in experimentd cultures precludes meaning-
ful comparisons of substratespecific uptake rates. It
is likdy thet the reaively high NQj uptake rates
were related to high ambient NO; concentrations
(Lomas and Glibert 1999, and references therein).
Also, it is posshle that the relatively low urea upteke
rates were a function of catabolic enzyme inhibition
(e.g. urease) by the rdaively high ambient NH;
concentrations (Flynn and Butler 1986, Antia et 4,
1991, Berg et d. 1997). Perhaps a more relevant
comparison IS the effect of growth irradiance on up-
take rates for specific substrates. Only urea (absolute
and cellular rates) or NH; (cellular rates) were tak-
en up a greater rates & the higher {rradiance level.
Research IS needed to determine whether this effect
of growth h-radiance reflects N substrate preference
in kleptoplastidic P. piscicida.

From microscopic observetions of naturd popu-
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fations, Glasgow (unpubl. data) has observed chlo- ! Pfiesteria
roplast inclusions in Neuse River, North Carolina ] # phagotroph | at phototroph
ispresumptive Pfiesteria” populations for days after » e | —-
its initial bloom period. In light of the association ! . -
between prey depletion and kleptoplastidy in labo- Nutrients (indirect i Nutrlants (direct
iratory b.f’i.Ch cult_ures of P. piscicida (Lewitus et d. stimulation) stimulation)
?g?ge)l'd it is Fo_wble that %J_Ch chloro kIlast ilnclu%ons
in field populations are indicative of kleptoplastidy. \ of -
However, the differentiation between Keptoplastid- e :.'f,z
ic and actively grazing Pfiesteria remains problematic,
i Phytoplankton

and may depend”on the development of specific
barkers of glzu?)?osynthetlc activity. In this regard,
the Use of primulin fluorescence as an indicator
{and/or measure) of photosynthetic starch produc-
tion may be ussful for assesang the ecologicd rel-
evance (occurrence, role, and regulation) of kiep-
toplastidy in P, piscicida.

{ As pointed out, the physiological ecoIogY of klcp
toplastidic P, piscicida may bear importantly on the
mechanism Dy which nutrients may regulate their
growth. In |aboratory experiments (Burkholder et
al. 1995, 1998, Burkholder and Glasjow 1997. Glas-
gow €t a. 1998), nutient (N or P) stimulation of £.
ipiscicida’s growth has been demonstrated, either in
response t0 eevated phytoplankton prey supply (the
socalled “indirect simulation” by nutrients) or
gthg:u hI gk;rdegj acquisition of %Jst;str?t?, ggt shown
jwith T- protein hydrolysate (“direct stimu-
lation”), Based on those [aboratoty results and di-
rect correlations between “presumptive. Ffiesteria”
iabundance, phytoplankton abundance, and nutri-
lent concentrations in natural waters (Burkholder et
al. 1997, Burkholder and GI§0W 1997),.a working
‘hypothesis depicting seasond changes In mecha-
jnisms of nutrient stimulation in a temporate estuary
ssuch as the Neuse River is presented in Figure 6,
:Most Of the fish killsinvolving P. piscicida OCCUr in
ssummer. However, a presumably ‘important factor
'determining the extent and magnitude of toxic ac-
itivity is the abundance of nontoxic zoospores, the
idirect precursors of toxic zoospores. Nontoxic zoo-
ispore abundance in the Neuse River has been
'shown to co-vary with chlorophyll durin sprirg gh)k
“toplankton bloom periods (Burkholder and Glas-
igow 1997), with the implication that nutrient regu-
iladon of phytoplankton biomass aso will indirectly
icontrol NONtOXiC P. pisciada abundance (“indirect
Inutrient stimulation”). Also, bloom parameters
i (magnitude, compogtion) may affect the propor-
ition Of nontoxic zoospores that become kleptoplas-
‘tidic. WC hgmthesﬁze that the maintenance (i.e. as
‘zoospores raher than other cell forms such as cysts
: or amoebae) and/or growth of these kleptoplastidic
i populetions are dependent on the quantity and
" quality of available nutrients (“direct stimulation”).
{In this respect, P. piscicida’s potential to cause fish
~Mb could depend on the supply of nutrients avail
rable t0 support seed populations of nontoxic klep-
i toplagtidic ' zoospores that “fuel” toxic outbreaks.

Whether or how nutriems imulae P. piscicida is
1

I Spring Summer

Fic. 6. Model showing hypothesized seasonal changes in
mechanisms of nutrient stimulgtion of Pfeesteria piscicida’s growth.
In the spring, nutrient acquisition by phagotrophic P. pisciddu
zoospores is derived from phytoplankton prey, and there fore n-
trient enrichment may stimulate P. pisgeida’s growth by increasing
the magnitude of phytoplankton blooms (“indirect nutrient stim-
ulation”), After Iige‘bl om ‘diiipates, nutrients are acquired dis
rectly by ﬁhototrophlc (ldcpt,oplasﬁdic% zoospores, d P. piscin-
da’s Qrowtn, or & least maintenance Of zoospore populations, may
be controlled by the quantity and quaity Of “ambient nutrienw
(“direct nutrient stimulation”). Both forms of nutrient stimula
tion would lead to higher abundances of nontoxic zoospores, the
direct precursors for toxic zoospores and therefore Increase the
potential “for ‘toxic outbrezks (e.g. “F{sh‘ Kills™).

a criticl issue in predjctin(};. the dinoflagellate’s po-
tential impact on egtuarine fish populations. The or-
%anlsm is widespread (from Delaware Bay to Mobile

ay, Alabama), but toxic outbresks have been doc-
umented in areatively narrow r of its latitudi-
nal distribution; tht is, in various North Carolina
estuaries from 1991-1998, and in the Pocomoke Riv-
e in summer, 1997 (Burkholder et a. 1995, Lewitus
et a. 1995, Burl&older and Glasgow 1997, Maryland
Department  of Naturd Resources 1997, University
of Mayland Center for Environmenta Science
1997). On comparing regions affected by P. piscicida
toxicity with those where P, piscicida is found but not
known to cause problems, certain generd digtinc-
tions in estuarine properties are suggestcd, includ-
ing tidal flushing characteristics and'fish  population
dynamics, and aso nutrient concentrations (Burk-
holder and Glasgow 1997). For example, using fish
mortality bioagsays ahd scanning electron micro-
scopic confirmetion, P. piscicida was recently discov.
ered in the prigine North Inlet estuary, South Car-
olina (Lewitus, Willis, Glasgow, and Burkholder, un-
publ. data). In contrast to Stes of known P. piscicida
toxic events, North Inlet is characterized not “only by
higher flushing rates, but also by alack of anthro-
pogenic influence and relaively low inorganic nu-
trient concentrations (e.g. seasond maxima.in dis-
solved inorganic nitrogen & some Stes rarely ex-
ceed 5 puM; Lewitus et a. 1998). Although the North
Inlet 1? piscicida populations e toxic in fish
aquariums,  this potential toxicity, to our knowledge,
has not been exhibited in anatural habitat. The by-
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pothesized link between high nutrient concentra-
tions and P. piscicida toxic activity suggests that con-
tinued coastal eutrophication may lead to an in-
crease in the magnitude and geographical range of
P. piscicida toxic events.

Experiments using P. piscicida go03pores were conducted a the
North Carolina State Universty Center for Applied Aquatic Ecol-
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